The function and the organization of eukaryotic cells require directional transport of vesicles between compartments. This sort of membrane flow relies on the presence of docking and fusion machinery. The core of this machinery is a protein complex composed of syntaxin, SNAP-25 and VAMP, collectively termed SNAREs. A correct interaction among SNARE prototypes is essential for fruitful docking and fusion. Analysis of large-scale sequencing projects reveals that each of the SNARE proteins (syntaxin, SNAP-25 and VAMP) is a member of a large protein family that is represented in every eukaryotic genome. The diversity among the three SNARE prototypes allows an enriched combinatorial make-up to meet a wide range of cellular demands for secretion.
THE SNARE PROTEINS -PAST AND PRESENT
The process of vesicle trafficking and secretion has been investigated in great detail over the last decade (reviewed by [1] [2] [3] [4] [5] ). Investigators in the field of secretion seem to have come to a consensus that the fusion event relies on a small number of interacting proteins [2, [6] [7] [8] . The key proteins in this set are syntaxin, SNAP-25, VAMP and variants thereof. These proteins are collectively known as SNAREs [9] . SNARE is an acronym for SNAP receptor, indicating that these proteins function as receptors for NSF (Nethylmaleimide Sensitive Fusion protein) and SNAPs (Soluble NSF Attachment Protein). Association with SNAPs and NSF forms a fusion particle that is essential for vesicular trafficking among subcellular compartments [10, 11] . These receptors are localized to two separate membranes that are to be fused [12] . According to their expected localization, they are divided between those on the vesicular membrane (v-SNARE) and those on the target membrane (t-SNARE). The first set of SNAREs identified from solubilized brain extracts includes VAMP/ synaptobrevin on the synaptic vesicle membrane (v-SNARE) and two t-SNAREs, syntaxin and SNAP-25 (from the plasma membrane).
Immediately following the identification of mammalian SNAREs, homologues were found in other organisms [13] [14] [15] [16] . It became clear that all three SNARE prototypes are *Address correspondence to this author at the Department of Biological Chemistry, The Alexander Silberman Institute of Life Sciences, The Hebrew University, Jerusalem 91904, Israel; Tel: 972-2-6585425; Fax: 972-2-6586448; E-mail: michall@mail.ls.huji.ac.il conserved throughout evolution [17] [18] [19] . Studies based on identifying yeast secretion mutants have revealed that genes that participate in constitutive secretion are homologous to those involved in synaptic vesicle exocytosis [20, 21] . Based on these findings, a unified hypothesis was formulated for all types of secretion. Accordingly, vesicle targeting and fusion, as well as specificity, are governed by matching between a v-SNARE (e.g., VAMP) and t-SNAREs (e.g., syntaxin or SNAP-25). The integrity of SNARE proteins was shown to be essential for synaptic vesicle exocytosis. Thus, Tetanus (TeNT) and Botulinum (BoNT) toxins, that cleave specific peptide bonds on their target SNARE protein, cause a complete block of neurotransmitter release ( [22, 23] . Several natural SNARE homologues with altered sequence at the cleavage site for clostridial toxins are completely resistant to their action [24] .
Evidences for the critical role of SNAREs in trafficking and secretion were largely relied on a genetic dissection of the secretory pathway in yeast and upon in vitro experiments. Using genetic approaches in mice, Caenorhabditis elegans and Drosophila melanogaster the in vivo function of SNARE proteins and their associates has been proposed [15] . For example, synaptic transmission was completely blocked in Drosophila strains lacking neuronal VAMP or syntaxin. However, synaptic vesicles were still targeted and dock normally at specialized site on the presynaptic membrane. These experiments suggest that SNAREs play an indispensable role downstream of docking, probably in the fusion reaction perse. Similar results were obtained from genetically manipulated C. elegans. In the worm, loss-of-function mutations in synaptic proteins (such as VAMP, synaptotagmin and n-Sec1 homologues) exhibited severe behavioral and synaptic function defects. C. elegans carrying even a restricted mutation in syntaxin gene (in the coiled-coil domain, see below) showed an altered kinetics of transmission and improper interaction with VAMP. Clearly, both the in-vitro and the in-vivo studies suggest that the detailed structural and biochemical properties of the SNAREs are essential for understanding their actual role in secretion [5, 15, 18] .
SNARE PROTEINS AND FUSION
Following initial interaction between the cognate membranes, a tertiary complex with a 1:1:1 stoechiometry of each SNARE representatives is formed [25, 26] . Much of the current understanding of the mechanism of the secretory process relies on our detailed comprehension of the properties of the SNARE core complex.
Whether the three SNARE proteins suffice to carry out the fusion reaction in vivo is still an open issue (see discussion in [27, 28] ). However, an answer is already known for the situation in vitro. A fusion assay that uses lipid vesicles containing purified SNARE proteins (from yeast or synaptic proteins) has confirmed that SNAREs are sufficient for vesicle fusion [29] [30] [31] . It should be noted, though, that the kinetics of this fusion reaction are very slow and that its efficiency is rather low. Even in this simplified experimental setting, the topology of the SNARE proteins at the donor (v-SNARE) and at the acceptor (combined t-SNAREs) vesicle turned out to be crucial for successful fusion [32] . As in the case of in vivo setting, treatment of the SNARE proteins on the artificial vesicles with clostridial toxins abolished the fusion reaction.
As already hinted before, there is an abundance of SNARE proteins within organisms and across species. The three SNAREs mentioned above, should be considered as prototypes. In-vitro binding studies have shown that interactions among SNARE are promiscuous and the same SNARE protein is often found in more than one complex [33] . Biochemical and genetic analyses suggested some selectivity of one SNARE for another [34, 35] . In addition, different combinations of recombinant or artificially mutated SNAREs can form complexes of varying biochemical properties [36] [37] [38] [39] [40] [41] [42] .
Whether such in-vitro assembled complexes are fusion competent is yet to be tested. Existing experimental results strongly suggest that the answer depends on rather fine structural and topological characteristics of the core complex. The extremely high (thermal) stability of the core complex seems essential [42] [43] [44] . A very appealing hypothesis is that the formation of such a highly stable complex provides the force that is necessary for close apposition of the cognate membranes and the distortion of the lipid layers of the fusing membranes [2, 45] .
Extrapolations from in-vitro experiments to fusion in a living cell should be done with great caution [28] . Still, a shared mechanistic view for all modes of secretion can be suggested. Thus, neurotransmitter release by the fusion of synaptic vesicles in the brain, forming a bud in a yeast cell and engulfing of a pathogen by a cell of the immune system, all share the same basic molecular machinery.
Of course, identifying the SNAREs as the fusion machinery is only a first step in understanding the dynamic nature of secretion. The sequence of events in secretion involves many more proteins that link cellular signals with the actual fusion machinery [36, [46] [47] [48] . In many instances these other proteins are part of a dynamic network of proteinprotein interactions that affect assembly, stability and disassembly of the SNARE complex [49, 50] . Indeed, several dozens of such SNARE regulators were identified in a wide range of cellular systems. The parameters that specify one mode of secretion from another can be attributed to the exact combination of regulators and SNARE isoforms [51] [52] [53] [54] .
SNARE COMPLEX AND ITS STRUCTURE
Much of our biochemical knowledge on the SNARE complex can be interpreted in view of the SNARE core complex's biophysical and structural information [55] [56] [57] [58] . An X-ray crystal structure (2.4 Å resolution) reveals a novel form of a parallel four-helix bundle composed of the interacting domains of syntaxin-1A, VAMP-2 and SNAP-25B [57, 59] . In such a bundle, syntaxin and VAMP contribute one alpha helix each, and SNAP-25 contributes two such helices from the amino and carboxyl regions. A most striking observation is that the helix bundle is composed of leucine-zipper-like layers with a central ionic layer consisting of one arginine (from v-SNARE, VAMP) and three glutamine residues (from t-SNAREs, syntaxin and SNAP-25). The registration of the four residues in this layer stabilizes the entire complex. This central layer is highly conserved across the entire SNARE family and according to the identity of the amino acid they were repartitioned to Rand Q-SNAREs (for arginine and glutamine, respectively). Matching various combinations of R-and Q-SNAREs were linked to alteration in the stability and assembly of the SNARE core complex [60] [61] [62] . While the entire helix-bundle is hydrophobic, the surface of the core complex possesses distinct sites, which are hydrophilic, hydrophobic and charged. These sites may participate in interactions with the various SNARE regulators. Several studies suggest a dynamic view on the formation and stabilization of the core complex both in-vitro and in a living cell [63] [64] [65] .
PROTOTYPES OF SNARE PROTEINS
The first SNAREs identified were those from mammalian brain. Immediately following, highly conserved homologous proteins were identified in yeast [66] and other organisms [54] . Even before the expansion in genomic information it became clear that each of the mammalian synaptic SNAREs represents a diverged and rich protein family. The synaptic proteins that were first identified are shown in Fig. 1. SNAP-25 was identified as an abundant synaptic protein with two isoforms referred to as SNAP-25A and SNAP-25B. These isoforms arise differ by only 9 amino acids due to alternative splicing [67] . Their membrane association relies on a lipid modification in the central part of the protein.
VAMP is a small integral membrane protein of synaptic vesicle membrane [68, 69] . In mammalian brains, two VAMP isoforms have been described VAMP-1 and -2 with a non-overlapping expression pattern.
Syntaxin is an integral protein of the plasma membrane of the synapse. Syntaxins 1A and 1B are neuronal-specific, while other members, some of which are highly homologous (syntaxin 2-4), display a broader tissue specificity [70] .
For all these three SNARE representatives the most conserved domain across species is the one that is engaged in the core complex (Fig. 2) . Interestingly, additional features of these proteins are maintained throughout the evolutionary tree. Generally speaking, the schematic diagram (as in Fig.  1 ) of each member of the SNAREs is almost unchanged. This includes protein size, degree of hydrophobicity of the transmembrane domains, tendency to form alpha helical structure, linker size between subdomains and even the distribution of abundant amino acids along the primary sequence (e.g, [45, 62, 71, 72] ). Based on the above, database searches for homologues in one organism (paralogs) or throughout the phylogenetic tree (ortologs) have been applied (see for example, [73] [74] [75] [76] [77] ).
The purpose of this paper is to provide a genomic panorama of SNARE proteins, their family organization, their variants, and the source of their complexity.
A PANORAMIC VIEW -SNARE PROTEINS ACROSS GENOMES
Our view of SNARE proteins has been greatly expanded by the recent flood of sequence information derived from large sequencing projects of yeast, C. elegans, Drosophila, Arabidopsis, mouse, rat and human genomes. These genomes allow us to place each of the SNAREs in a large and diverged family. Here we present results from an automated procedure for protein classification -ProtoMap (see [78] ). Proteins from the syntaxin and VAMP families are presented (Fig. 3 and 4) . ProtoMap offers a global systematic analysis of sequence similarity scores among all proteins to identify groups of homologous proteins.
The maps of syntaxin (90 proteins, Fig. 3) , VAMP (77 proteins, Fig. 4) and SNAP-25 (32 proteins) illustrate the large diversity of secretion in eukaryotes. Interestingly, representative proteins even from distally related organisms are usually grouped in the same branches of the map (Fig.  3) . On the other hand, most plant syntaxins are clustered in an isolated branch in that figure. Proteins within the same branch are usually more conserved among species than within the same organism. For example, human (and other mammals') brain specific syntaxin 1 resembles homologues in leech, worm, fly, squid, sea urchin, etc. (Fig. 3) . Indeed, such similarity is more significant than to any other human homologue (i.e., syntaxin 2-18). Similar observations apply to the other maps (SNAP-25 and VAMP, Fig. 4) . Such sequence-based maps suggest that the ancestor prototypes of the SNAREs have radiated throughout the eukaryotic kingdom and the same applies to their major isoforms. Thus, isoform specialization in SNAREs must have occurred very early in evolution.
Why do eukaryotic cells need a large battery of SNARE isoforms to perform fusion? Clearly, communication of a cell with its surroundings (exo-endocytosis), and communication among different compartments within a cell rely on balanced fusion cycles. In addition, secretory cells, such as neurons or acini of an exocrine gland, must have a fusion mechanism that synchronizes secretion with an appropriate cellular signal. These demands are partially fulfilled by choosing distinct sets of SNAREs to meet the actual cellular demands. Localization of individual SNARE isoforms to distinct cellular compartments makes irrelevant pairing among SNAREs almost impossible due to physical inaccessibility. The large number of yet uncharacterized SNAREs is consistent with the hypothesis that every fusion event is controlled by compartment-specific SNAREs (see discussion in [2, 40, [79] [80] [81] ).
Further inspection of the complexity of SNARE proteins within a certain organism reveals that a typical mammalian genome (human, mouse and rat) contains about 20 syntaxins, about 10 VAMPs and several SNAP-25 homologues [82] .
The actual complexity in mammalian SNAREs is probably higher, as several isoforms are obtained via alternative splicing. The actual expression of these alternative spliced variants is regulated. For example, three of the four syntaxin 2 alternative splice variants (2A-2C) are broadly expressed, while syntaxin 2D is brain specific [83] . In the case of syntaxin 5, variants are generated from the same mRNA by using alternative initiation sites of translation [84] . The analysis of several recent large-scale EST sequencing projects shows that some SNAREs are expressed as truncated proteins. For example, syntaxin 11 [85] as well as a spliced variant of syntaxin 16 lack the transmembrane domain and consequently display a cytosolic localization [86] . This phenomenon of variations on the C-terminal domain of the protein has been reported for other syntaxins as well [83, 87] . It is tempting to suggest a mechanism wherein such truncated SNAREs compete for SNARE core complex formation. Eventually such complexes become incompetent for fusion.
A ROAD MAP TO ALL SNARE PROTEINS
One useful feature of ProtoMap is the information provided on relatively weak similarity among this map's clusters (e.g. [78, 88] ). This provides a broader road map that includes all three SNARE prototypes as described in (Fig.  5) . Surprisingly, perhaps, all three main families of SNAREs (syntaxin, VAMP and SNAP-25) are connected even if indirectly and through transitive closure. The three main SNARE families include about 200 proteins (clusters 473, 563 and 1412, Fig. 3-4 ). An additional ~60 proteins belong to intermediate clusters linking these three main families. Some of these proteins (e.g. Bos1p, GOS-28) can be viewed as generic SNAREs with no conclusive similarity to any of the three major prototypes. This suggests that it may be too naive to partition the SNAREs into three welldefined families. A further illustration of this view comes from SNAREs that are localized on vesicles. This localization naturally creates the view that such proteins are v-SNARE. However, they function as t-SNAREs in fusion reactions [13, 89, 90] .
Some of the intermediate sequences that link the three SNARE clusters (Fig. 5) were confirmed as genuine SNAREs by genetic and functional experimental data [91] [92] [93] . Those intermediate proteins may represent either ancestor SNAREs or alternatively, more recently evolved proteins of versatile secretion functions. Both views are consistent with the existence of generic SNAREs. Let us point out a remarkable biological link among SNAREs in evolutionary distal organisms. It is known that many such SNAREs are sensitive to cleavage by BoNTs (8 subtypes) and TeNT toxins [22] . Even more surprisingly, syntaxin 1 and SNAP-25 are targets for cleavage by BoNT/C1 despite their very low sequence similarity [94] . Clostridial toxins are not the only proteins that recognize SNAREs from separated families. SNARE regulators were shown to interact with several representatives of the SNARE family. For example, synaptotagmin and N-type Ca 2+ channels bind SNAP-25 and syntaxins, both in vivo and in vitro [95] .
In the road map of SNAREs the number of SNAP-25 prototypes is fairly small compared with other SNAREs. Mammalian SNAP-25 (and their yeast homologues Sec9 and Spo20) with their two helical domains seems to be the exception rather than the rule in this class [96] . A comprehensive inspection of the yeast secretion system indicates that the SNARE core complex consists of proteins with a single helical domain [34, 38, 97, 98] 
DIVERSITY OF SNARES IN HUMAN AND PLANT GENOMES
The completion of the Arabidopsis sequencing project offers us a glimpse into a hitherto unexplored territory: The SNAREs in plant genomes [99] . Our knowledge of SNARE proteins' role in plant secretion is still very sporadic [100] . We suggest analyzing the complexity of the plant secretory system from a genomic point of view. The road map of SNAREs (Fig. 5) shows that the number of SNAREs and their homologues in the Arabidopsis genome exceeds the analogous numbers in mammalian genomes. This fact is intriguing, since many of the mammalian SNAREs are in fact, neuronal.
Most fundamental structural features of the SNAREs core complex are encoded in the helical domain (~50 amino acids long for each of the helices in the core complex, Fig. 2) . It is therefore interesting to compare the SNARE helical domain in humans and in plants. We have selected 18 isoforms of syntaxins from each of the genomes (omitting isoforms that are almost identical in this helical SNARE domain). Sequences were (multiply) aligned and amino acids participating in the periodic part of the core complex were marked (Fig. 6) . The helical SNARE domains of syntaxin in both genomes share similar global features. This includes [78] ). The number of proteins from each cluster that contribute to an edge is marked next to the cluster. We omitted very low quality edges and some connections to false proteins. Notice that clusters including syntaxin 6 and 8, membrin and bet-1 like proteins serve as intermediates linking all three SNARE main clusters. Intermediate clusters are in blue and smaller clusters (up to 5 proteins) are in yellow. Fig. (6) . Alignment of 18 representatives of syntaxin in human (top) and arabidopsis (bottom). ID and accession numbers from Swissprot and TrEMBL are shown. The alignment covers the helical domains that participate in the SNARE core complex, the short linker between the helical domain and the transmembrane domain is marked by horizontal line above the sequence of syntaxin representatives. Clusters of basic residues in that linker are marked (bold face). Note that stretches of basic residues are prevalent only in human sequences. A conserved glutamine (Q) in the central layer of the 4-helical bundle is marked (gray). Additional residues (9 on each side of the central glutamine) in the helical domain that define the layer organization of the core complex are marked (inverted). An arrow above the sequences marks cleavage site of BoNT/C1. Fig. (7) . Distribution of amino acids according to functional groups for all 18 syntaxin representatives in human and plant (as in Fig.  6 ). Amino acids are color coded according to the following groups: MVIL, FWY, SAGPT, RKH, NQ, ED, C. All 19 layers are marked (the central layer is the tenth). Layers in both edges of the bundle are expected to be rather flexible. a short basic domain preceding the transmembrane domain and an identical distance between the center of the helical region and the beginning of the transmembrane domain. A comparison of SNARE core complex in yeast and neurons [101, 102] indicates that structural features of the complex are highly conserved throughout evolution. Moreover, the amino acids in the layers within the 4-helix bundle of the core complex are much less variable than the rest of the amino acids in such domains [101, 102] . Based on the above, all amino acids that mark the layers of the core complex were aligned, (Fig. 6) and the relative abundance of amino acids (grouped by functionality) in the two genomes was plotted (Fig. 7) . We observe rather similar behavior for the 19 amino acids that were tested (Fig. 7) . For example, layers 1-9 and 10-19 differ in the appearance of hydrophobic and polar residues throughout the syntaxin family in both genomes. Still, a closer look on the amino acids distribution at each layer indicates a higher variability in human isoforms (compare layers 11-13 in plants to human, Fig. 7) . Similar analyses were performed on VAMP (14 proteins from each genome) and SNAP-25 (six proteins, with two domains each). The conclusions were similar (not shown). We hypothesize that the complexity of SNAREs in the plant genome does not reflect a recent duplication in the genome but may rather reflect highly developed and specialized subcellular trafficking mechanisms. Needless to say, much experimental work in this direction is still necessary.
FUTURE DIRECTIONS
Secretory processes show a high degree of specificity, from vesicle trafficking in yeast to neurotransmitter release in the brain. How is such specificity achieved? A large body of biochemical, genetic and structural data rules out the possibility of a single dominant factor that underlies this specificity. The complete answer involves additional proteins that affect the formation and the stability of the SNARE core complex. These functions are carried out in a number of ways: Through competition for binding sites, by modifying SNAREs, by energy dependent disruptions to the complex and by promoting or inhibiting specific SNARE proteins' engagement in the complex. Several proteins were shown to participate in such manipulations in the synapse. Those including synaptotagmin [103, 104] , voltage dependent Ca 2+ channels [95] , presynaptic metabotropic receptor [105] , nSec1 [106] , complexin [107] , synaptophysin [108, 109] , NSF [110] CAMKII [111] and others [53, 112, 113] .
We focused only on the variability of SNAREs as reflected by multiple genes and alternative spliced isoforms in whole genomes. It should be observed that specific localization, modifications, binding to signaling molecules and protein-protein interactions all contribute to an enriched repertoire of SNAREs with defined biochemical and biophysical properties. Currently, the roles played by individual isoforms of the SNARE proteins are not entirely clear, and thus the question of 'why so many?' will have to await future work.
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